ABSTRACT: Tillage systems can influence C sequestration by changing aggregate formation and C distribution within the aggregate. This study was undertaken to explore the impact of no-tillage without straw (NT-S) and with straw (NT+S), and moldboard plow without straw (MP-S) and with straw (MP+S), on soil aggregation and aggregate-associated C after six years of double rice planting in a Hydragric Anthrosol in Guangxi, southwest of China. Soil samples of 0.00-0.05, 0.05-0.20 and 0.20-0.30 m layers were wet-sieved and divided into four aggregate-size classes, >2 mm, 2.00-0.25 mm, 0.25-0.053 and <0.053 mm, respectively, for measuring aggregate associated C and humic and fulvic acids. Results showed that the soil organic carbon (SOC) stock in bulk soil was 40.2-51.1 % higher in the 0.00-0.05 m layer and 11.3-17.0 % lower in the 0.05-0.20 m layer in NT system (NT+S and NT-S) compared to the MP system (MP+S and MP-S), respectively. However, no statistical difference was found across the whole 0.00-0.30 m layer. The NT system increased the proportion of >2 mm aggregate fraction and reduced the proportion of <0.053 mm aggregates in both 0.00-0.05 and 0.05-0.20 m layers. The SOC concentration, SOC stock and humic and fulvic acids within the >0.25 mm macroaggregate fraction also significantly increased in the 0.00-0.5 m layer in NT system. However, those within the 2.00-0.25 mm aggregate fraction were significantly reduced in the 0.05-0.200 m layer under NT system. Straw incorporation increased not only the SOC stock in bulk soil, but also the proportion of macroaggregate, aggregate associated with SOC and humic and fulvic acids concentration within the aggregate. The effect of straw on C sequestration might be dependent on the location of straw incorporation. In conclusion, the NT system increased the total SOC accumulation and humic and fulvic acids within macroaggregates, thus contributing to C sequestration in the 0.00-0.05 m layer.
INTRODUCTION
In agroecosystems, soil aggregation formation is considered an important process in soil organic carbon (SOC) stabilization by hindering decomposition of SOC and its interactions with mineral particles (Urbanek et al., 2011; Gunina and Kuzyakov, 2014) . Generally, a more rapid loss of SOC may occur from macroaggregates than from microaggregates (Eynard et al., 2005) . The SOC change under agricultural management may owe to the aggregate stability index (Nascente et al., 2015) . Thus, soil aggregated fractionation has been widely applied to evaluate the SOC stability under contrasting tillage systems.
Tillage and, particularly, moldboard plow (MP) have been reported as a cause for macroaggregate disruption compared to a no-tillage (NT) system (Álvaro- Fuentes et al., 2008; Anders et al., 2010) . In contrast, NT can promote soil surface macro-aggregation and improve structural stability due to lower soil disturbance and higher SOC, arbuscular mycorrhizal fungi, and microbial biomass and glomalin, which are more important driving factors for aggregate stability, and consequently enhance C retention (Castro et al., 1998; Blanco-Moure et al., 2012; Zhang et al., 2012 Zhang et al., , 2013 .
Several studies has shown that significant SOC sequestration under NT is closely related to improved aggregation that protects C from mineralization (Six et al., 2002; Stewart et al., 2008; Nyamadzawo et al., 2009; Fuentes et al., 2012; Du et al., 2013) .
The increased SOC concentration and SOC stock in surface soil under NT may be not only due to higher amount of C-rich macroaggregates, but also to a higher content of humic and fulvic acids under NT (Tang et al.,2011) . Hayes and Clapp (2001) reported that humic and fulvic acids are relatively recalcitrant to microbial attack and, hence, are considered a SOC pool with high stability. Some studies have revealed that humic and fulvic acids are significantly linked to SOC stock Ma et al., 2008) . This provided some evidence that maintaining good soil humic and fulvic acids status favors SOC accumulation. Therefore, knowledge of the humic and fulvic acids distribution within an aggregate is useful to understand the stability mechanisms of C sequestration in soil under NT.
Rice is the major cereal crop in Guangxi, in the southwest of China. In this region, the old and children are the major laborers in rice production because most young people have shifted to cities for employment; thus, NT is widely adopted. Ou et al. (2010; analyzed the topsoil profile distribution (0.00-0.20 m) of SOC after shifting from MP to NT in this area, concluding that NT combined with or without straw incorporation increased the SOC concentration in bulk soil in the 0.00-0.05 m layer but not in 0.05-0.20 m layer compared to MP without straw incorporation. Aggregate-associated C has lower turnover rates in no-tillage than in the MP system (Six et al., 2000) . Litter incorporation and soil mixing under MP could counterbalance the physical impact on macroaggregates (Andruschkewitscha et al., 2014) . Meanwhile, as soil humic and fulvic acids are linked to SOC dynamics, it is hypothesized that the conversion from MP without straw incorporation to NT with or without straw incorporation may increase the C storage by increasing the stabilization of aggregate, physically protected C within the aggregate size fraction under the double rice system. Therefore, we attempt this end using a six-year-old experiment with a double rice system in a Hydragric Anthrosol located in the subtropical region of China with the ultimate aim of identifying the impact of NT with or without straw incorporation on SOC accumulation and soil aggregation at depth, and of determining the distribution of SOC and humic and fulvic acids within the aggregate fraction.
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MATERIALS AND METHODS

Experimental site
The experiment was conducted on the farm (22° 51' 18" N, 108° 17' 21" E) of the College of Agriculture, Guangxi University, Nanning, China. The area has a subtropical continental climate with an average annual temperature of 21.6 °C and mean rainfall of 1,304.2 mm. The field experiment began in March 2008 on a Hydragric Anthrosol that developed from a Quaternary Red Soil. The basic soil chemical properties were measured prior to treatment implementation (Table 1) . Soil OC was determined by the acid dichromate wet oxidation method (Nelson and Sommers, 1996) . Alkali-soluble N was determined by the alkali solution diffusion method. The available P extracted by 0.5 mol L -1 NaHCO 3 was measured by colorimetry. The available K extracted by 1 mol L -1 NH 4 OAC was measured by flame photometry. The pH (soil:water 1:2.5) was determined by the potential method. Sand, silt and clay were determined by the hydrometer method (Lv, 2000) .
Experimental design
A randomized complete block design was employed with three replications and plot size of 3 × 7 m. The field had two crops per year. Four tillage treatments, no-tillage without straw (NT-S), moldboard plow without straw (MP-S), no-tillage with straw (NT+S) manually and evenly spread on soil surface and moldboard plow with straw (MP+S) incorporated into the soil using a moldboard plough, with a tillage layer of 0.20 m. For NT-S and MP-S, the above-ground residues were removed after harvest, and then the soil was puddled, harrowed and ploughed to a layer of 0.20 m before next planting in MP-S, while not-tillage prior to next planting in the NT-S. The straw incorporation rate was 6,000 kg ha 
Sampling and analysis
Soil samples of the 0.00-0.05, 0.05-0.20 and 0.20-0.30 m layers were collected with a soil drill after rice harvest in November 2013. Three soil cores per plot were pooled together to make a composite sample for each layer and replication, then divided into two parts. One part was air-dried at room temperature and sieved through a 0.149 mm sieve for determination of bulk SOC concentration. The other was gently broken by hand along the fractures of peds and passed through an 8 mm sieve and then air dried for aggregate analysis. Bulk density (Bd) was determined by collecting three additional triplicate soil cores from three layers using a stainless steel ring (0.05 m high and 0.05 m in diameter (Grossman and Reinsch, 2002 (Nelson and Sommers, 1996) . Alkali-soluble nitrogen: determined by alkali solution diffusion method. Available P: extracted by 0.5 mol L -1 NaHCO 3 , and measured by colorimetry. Available K: extracted by 1 mol L -1 NH 4 OAC, and measured by flame photometry, pH (soil:water 1:2.5) determined by potential method. Sand, silt and clay: determined by hydrometer method (Lv, 2000) .
Aggregate separation
Fractionation of four aggregate size classes, >2 mm, 2.00-0.25 mm, 0.25-0.053 mm, and <0.053 mm, was achieved using a wet-sieving procedure (Elliott and Cambardella, 1991) . The overall procedure yielded water-stable, large-(>2 mm), macro-(2.00-0.25 mm), micro-(0.25-0.053 mm), and silt+clay-(<0.053 mm) sized fractions. Before wet sieving, slaking pretreatment was applied. Briefly, 50 g of the subsample was submerged in water for 10 min on top of the 2 mm sieve, and then separated by mechanically oscillating the sieve 0.07 m up and down in water continuously for 30 min. The aggregates retained in each sieve were collected separately. The silt+clay fraction was collected after centrifugation. All aggregate fractions were separately kept in plastic containers and oven-dried at 40 °C for 48 h and weighed, and then further sieved through a 0.149 mm sieve for determination of aggregate-associate SOC and humic and fulvic acids concentration. Assuming that the sand contents were the same within aggregate-size classes, the water stable aggregates index, aggregate-associate SOC and humic and fulvic acids concentration were calculated without correcting sand content in all aggregate fractions by dispersion with sodium hexametaphosphate.
SOC analysis
The bulk and SOC content were determined by the acid dichromate wet oxidation method (Nelson and Sommers, 1996) . The concentration of SOC was expressed on a per unit aggregate weight (g C kg -1 aggregate). To account for the differences in soil mass produced by bulk change, we also compared the soil C stock based on equivalent soil mass (Ellert and Bettany, 1995) . The heaviest soil mass was selected as the equivalent soil mass; then the equivalent SOC stock was calculated using the following equation:
where M c = equivalent SOC mass per unit area (kg ha ). The total mass of SOC on equivalent basis was calculated by summing the values of the 0.00-0.30 m layers. The SOC stock in the aggregate fractions, that is, the SOC concentration, expressed as g kg -1 C microaggregate, was estimated by the mass proportion (g kg -1 C) of the fraction in bulk soil and the corresponding equivalent soil mass.
Humic and fulvic acids analysis
The humic and fulvic acids within the aggregate fractions were extracted with 0.1 mol L -1 sodium pyrophosphate (1:50 w/v) in a Dubnoff bath at 100 °C for 1 h and separated from the suspended material by centrifuging at 4,000 rpm for 15 min. Here, the terms humic and fulvic acids were applied to the alkali-soluble fraction. Humic and fulvic acids extracts (15 mL) were transferred into a hard tube and adjusted the pH to neutral by adding 0.5 mol L -1 sulfuric acid, then evaporated in a boiling water bath and determined by acid dichromate wet oxidation, as described by Nelson and Sommers (1996) .
Statistical analyses
The data obtained without angular transformation were subjected to ANOVA and the mean values were separated using Duncan's test at p<0.05. All statistical analyses were performed using the DPS 7.05 statistical package.
RESULTS
SOC concentration and distribution in bulk soil
The bulk density (Bd) had the order of NT+S = NT-S<MP+S = MP-S in the soil of the 0.00-0.05 m layer, whereas the NT system decreased the Bd in contrast to the MP system (Table 2 ). There were no significant differences between NT+S and NT-S as well Soil OC stock in bulk soil was also impacted by tillage systems. In the 0.00-0.05 m soil layer, the SOC stock in MP-S was similar to that in MP+S, and significantly increased by 40.2 % in NT-S and 58.0 % in NT+S compared to that in MP-S. The addition of straw resulted in 12.7 and 4.6 % higher SOC stock in the NT and MP systems, respectively. The SOC stock showed the order of MP+S>MP-S>NT+S = NT-S in the 0.05-0.20 m soil layer, and no difference was found between any treatments in the 0.20-0.30 m soil layer. For the whole 0.00-0.30 m soil layer, the difference in SOC stock was not significant between NT-S and MP-S as well as between NT+S and MP+S, but significantly higher in NT+S and MP+S than in NT-S and MP-S.
Distribution of soil aggregates with different sizes
Tillage systems obviously affected the distribution of soil aggregates with different sizes (Figure 1 ). The proportion of the >2 mm aggregate fraction in NT+S was 7.1 % higher than that in NT-S in the 0.00-0.05 m layer. There was no significant difference in the total amount of all the aggregate fractions between NT+S and NT-S in both the 0.05-0.20 and 0.20-0.30 m layers. Both NT+S and NT-S showed higher proportions of >2 mm aggregate and lower proportions of <0.053 mm aggregate compared to the MP system for the 0.00-0.20 m layer. The proportion of >0.25 mm macroaggregate was significantly higher in MP+S than in MP-S in most cases, but the proportion of <0.053 mm aggregate was 11.5-20.5 % lower in MP+S than in MP-S for all the soil layers.
Aggregate-associated SOC concentration
The aggregate-associated SOC concentration in different soil layers was influenced by tillage systems (Figure 2 ). In the 0.00-0.05 m layer, SOC concentration in macroaggregates showed the order of NT+S>MP+S = NT-S>MP-S, whereas the NT system was superior to the MP system. However, the NT system significantly reduced the SOC concentration in the 2.00-0.25 mm 
SOC storage in different aggregate size fractions
Tillage systems also affected the distribution of SOC stock in different aggregate fractions (Table 3) 
Humic and fulvic acids concentrations in different aggregate size fractions
In the 0.00-0.05 m layer, the humic and fulvic acids concentrations was higher in NT-S than in MP-S, as well as in NT+S than in MP-S for all the aggregate size fractions, especially the macroaggreate fraction (Figure 3 ). The average humic and fulvic acids concentrations for all the aggregate size fractions was43.9 % higher in NT-S than in MP-S, and 20. 
DISCUSSION
Changes in SOC distribution in soil profile
In this study, plots subjected to the NT system had greater SOC concentration for the 0.00-0.05 m layer than for the 0.05-0.20 and 0.20-0.30 m intervals. However, this effect was not so obvious for the MP system due to disturbance. This may be due to the greater root biomass in the 0.00-0.05 m layer under NT system. Other workers (Souza Nunes et al., 2011) have also reported that the NT system resulted in stratification of SOC, while the MP system resulted in a more homogeneous distribution in the 0.00-0.20 m layer.
When compared to MP-S, the SOC concentration and stock in NT-S was higher in the 0.00-0.05 m layer but lower in the 0.05-0.20 m layer. The same trend was also observed between NT+S and MP+S. These results paralleled those of Conceição et al. (2015) . When considering the whole 0.00-0.30 m layer, however, the differences in SOC stock were not significant between NT-S and MP-S as well as between NT+S and MP+S (Table 2) . This indicates that the NT system did affect the SOC stock distribution in the soil profile but not the total quantity, as suggested by Du et al. (2013) .
In this study, straw incorporation treatment significantly increased the SOC stock in the soil profile under both NT and MP systems, and there existed a difference in SOC stock distribution in the soil profile between the NT and MP systems, which may be due to the difference in C input returned to the soil. The straw mainly concentrated on the soil surface under the NT system, but was distributed relatively evenly within the plough layer under the MP system. Consequently, C accumulation was significantly concentrated in the 0.00-0.05 m soil layer under the NT system and in the 0.00-0.20 m layer under the MP system. 
Changes in aggregation distribution in soil profile
We observed that tillage regimes obviously influenced soil aggregation distribution in the soil profile. In the upper 0.00-0.05 and 0.05-0.20 m layers, the NT system improved the formation level of the >2 mm aggregate but reduced the formation level of <0.053 mm aggregates, compared to the MP system, suggesting that mechanical operation reduced large-macroaggregate formation and disrupted soil macroaggregates into individual particles. Similar results have also been reported by Wohlenberg et al. (2004) , Veiga et al. (2009 and Jiang et al. (2011) . The higher proportion of >2 mm aggregates and lower proportion of <0.053 mm aggregates under NT systems might be the result of the higher soil hydrophobicity, low intensity of wetting and drying cycles, higher soil C concentration or the physical and chemical characteristics of large macroaggregates making them more resistant to breaking up (Balesdent et al., 2000; Eynard et al., 2006; Vogelmann et al., 2013) .
When the straw was incorporated, C supply to the soil increased, resulting in production of microbial polysaccharides that increase aggregate cohesion; this could explain the progressive increase in large-macroaggregates in the 0.00-0.05 m layer under the NT system and macroaggregates in the 0.00-0.30 m layer under the MP system. Positive effects of straw application on macroaggregate formation and stability have also been reported by other workers (Singh et al., 2007; Veiga et al., 2009; Bandyopadhyay et al., 2010) .
Changes in SOC distribution in different aggregate fractions
We found that the NT system had a greater SOC concentration in the macroaggregate fraction than the MP system in the 0.00-0.05 m layer. However, the NT system significantly reduced the SOC concentration of 2.00-0.25 mm aggregates in the 0.05-0.20 m layer, indicating that the tillage system particularly affected C storage and dynamics in macroaggregates. Because macroaggregates contained mostly labile C (Abiven et al., 2007) , intensive tillage such as MP may cause a larger loss in labile C by destroying macroaggregates and exposing the protected SOC to soil organisms (Six et al., 2000; Jiang et al., 2011; Fuentes et al., 2012) , thus reducing C accumulation. In contrast, the lower SOC concentration under NT system may be due to lower root biomass and straw incorporation in the subsoil.
For all the soil layers in this study, the SOC concentration and SOC stock in the macroaggregate fraction increased with straw incorporation, suggesting that straw incorporation favored C sequestration in aggregates in the top soil. This can be explained by the concept of aggregate hierarchy (Oades, 1984; Calonego et al., 2008) which states that fresh organic matter is the precursor to the formation and stabilization of macroaggregates. Moreover, the high content of polysaccharides in straw could lead to production of higher labile SOC in the macroaggregate fraction (Bandyopadhyay et al., 2010) .
Humic and fulvic acids distribution in different aggregate fractions
Our data showed that humic and fulvic acids distribution in different aggregate fractions was similar to the SOC. The NT system promoted humic and fulvic acids concentrations in all the aggregate fractions compared to the MP system in the 0.00-0.05 m layer. However, opposite results were found in the 0.05-0.20 and 0.20-0.30 m layers. For all the soil layers, humic and fulvic acids in all the aggregate size fractions increased with straw incorporation. This can be explained by the fact that humic and fulvic acids are mainly derived from the humification of SOC.
Humic and fulvic acids are naturally resistant to microorganisms or are physically protected by adsorption on the mineral surfaces or bound inside the aggregates (Theng et al., 1989) . Thus, it appears that the NT system favored an increase in the SOC stability in all the aggregate fractions in the 0.00-0.05 m layer, but not in the 0.05-0.20 and 0.20-0.30 m layers, while the use of straw favored an increase for all layers. Higher humic and fulvic acids concentrations in the aggregate fractions, particularly in the macroaggregate fraction, would benefit C sequestration.
CONCLUSIONS
Soil organic carbon (SOC) stock in bulk soil significantly increased in the 0.00-0.05 m layer but decreased in the 0.05-0.20 m layer under the no-tillage (NT) system in a double rice system.
No-tillage system promoted large macroaggregation in both the 0.00-0.05 and 0.05-0.20 m layers. Accordingly, associated SOC concentration, SOC stock and humic and fulvic acids concentrations within the >0.25 mm macroaggregate fraction also significantly increased in the 0.00-0.05 m layer in the NT system, while those within the 2.00-0.25 mm aggregate fraction were significantly reduced in the 0.05-0.20 m layer under the NT system. In conclusion, it may be stated that the adoption of the NT system that increases SOC stock in the 0.00-0.05 m soil profile might be dependent on the macroaggregate fractions and the high amount of associated SOC and humic and fulvic acids.
Straw incorporation increased not only the SOC stock in bulk soil, but also the proportion of the macroaggregate, aggregate-associated SOC and humic and fulvic acids concentrations within the aggregate, thus contributing to SOC accumulation.
